One-pot synthesis of ultra-small magnetite nanoparticles on the surface of reduced graphene oxide nanosheets as anode for sodium-ion batteries Shaohua Developing effective renewable energy sources to meet increasing energy demands has been an urgent issue. During the past several decades, lithium ion batteries (LIBs) have attracted considerable attention in both industrial and scientific fields due to their high energy density, fast charge/discharge rate, and durable cycling performance. [1] [2] [3] The high cost and limited nature of lithium resources, however, make LIBs unable to satisfy the requirements for large-scale energy storage. 4 To overcome this issue, great efforts have been made in recent years to develop low-cost and environmentally benign batteries, among which, sodium ion batteries (SIBs) are considered to be the most promising candidate for large-scale applications, owing to the huge abundance and low cost of sodium resources. [5] [6] [7] Nevertheless, there have not been many breakthroughs in the past few decades, because of the lack of suitable host materials that have sufficient storage capacity and cycling stability for the Na + insertion reaction. 8, 9 Recently, ironbased transition metal oxides have been applied as anode materials in LIBs, among which, Fe 3 O 4 has been the subject of intensive study due to its low cost, large abundance, environmental benignity, and excellent theoretical capacity (~ 924 mA h g -1 ) , which is much higher than that of commercial graphite anodes (~372 mA h g -1 ). [10] [11] [12] [13] [14] Its performance is lacking, however, due to both large volume expansion/contraction during cycling and poor conductivity.
To solve the aforementioned problem, two strategies have been proposed, including reducing the particle size of the electrode materials and introducing a carbon matrix. [15] [16] [17] Small particles can shorten the diffusion paths of Na + ions, which is crucial for sodium storage because a Na + ion is about 55% larger than a Li + ion. [25] [26] [27] [28] [29] [30] to protect the ultra-small Fe 3 O 4 nanoparticles from coagulation to ensure that they are evenly anchored on the RGO nanosheets. Three composites were synthesized with a volume of GO of 0.5 mL (~2.67 mg GO), 1 mL (~5.34 mg GO) and 1.5 mL (~8.01 mg GO), and are denoted as RGOF-1, RGOF-2, and RGOF-3, respectively. , and RGOF nanocomposites were determined by X-ray diffraction (XRD), as shown in Figure 1 (a) and Figure S1 . The XRD pattern of GO shows a strong peak at 2θ = 9.3˚, indicating the successful formation of GO nanosheets with oxygen-containing functional groups through the oxidation of graphite. 31 Unlike the GO nanosheets, the RGOF nanocomposites have no peak at 9.3˚ in their XRD patterns, suggesting the absence of stacked RGO nanosheets in these composites. 31 All diffraction peaks of Fe 3 O 4 in the RGO/Fe 3 O 4 nanocomposites match well with cubic magnetite (JCPDS: 65-3107, a=8.391 Å) without any impurity. A typical pattern of RGOF is shown in Figure 1 (a), and the enlarged peaks in the inset are broadened due to the ultra-small size of the Fe 3 O 4 nanoparticles. ) and G-band (~1599 cm -1 ) of GO, Fe 3 O 4 /RGO, and the RGOF nanocomposites. 32 The D band is caused by structural defects or edges in graphene, and the G band corresponds to the first-order scattering of the E 2g mode observed for sp 2 [35] [36] [37] [38] [39] In addition, the absence of peak at 1735 cm -1 and a decrease in the intensity of the broad band at 3156 cm -1 in the spectrum of RGO/Fe 3 O 4 composite compared to that of GO supports the reduction of functional groups by hydrazine, which is consistent with the XRD and Raman results. X-ray photoelectron spectroscopy (XPS) spectra [ Figure 1(d) and Figure S4 ] demonstrate the presence of Fe, O, and C in the RGOF composites. Oxygenated carbon is significantly decreased in RGOF-3 [ Fig. S4(c) ] in comparison with the GO nanosheets [ Fig. S4(b) ], suggesting the successful reduction of GO. Figure 1 The morphology and microstructure of these samples were characterized by field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) (Figure 2 and Figures S5-S7) . The SEM image of RGOF-3 in Figure 2(a) shows the wrinkled RGO nanosheets and ultra-small Fe 3 O 4 nanoparticles, which are evenly anchored on the surfaces of the RGO sheets, which can be further clearly observed in Figure 2 43 Fig. 3(a-c) presents the charge-discharge curves of the electrodes containing RGOF nanocomposites at a current density of 40 mA g -1 . The RGOF-1 delivered an initial discharge capacity of 350 mAh g -1 , with a coulombic efficiency of ~ 40 %.The close overlapping of all the discharge curves after 2 cycles suggests the excellent cycling performance of the electrode. The discharge capacity of RGOF-1 composite remained ~150 mAh g -1 , with a coulombic efficiency of ~90% [ Figure 3(a) ]. The low initial coulombic efficiency is a common phenomenon for transition metal oxide based anodes for LIBs and SIBs. 44 Similarly, the RGOF-2 electrode delivered an initial discharge capacity of 360 mAh g -1 and remained at 150 mAh g -1 after the second cycle. The RGOF-3 composite with more RGO content shows a larger capacity than the other two composites, delivering 380 and 204 mAh g -1 for the initial and stable capacity, respectively. The capacity of the RGO/Fe 3 O 4 electrode, however, in Figure 3 is also displayed in Table 1 . The calculation of standardized capacity is based on the reversible capacity of RGO is 174.3 mAh g . 45 It clearly shows that the standardized capacity notably increases with the decrease of particle size, which supports the smaller particle size, the better performance. , as presented in Figure 3 (e) and Figure S11 . Clearly, the electrode containing RGOF-3 has the best rate capability in comparison with the electrodes made from the other two RGOF composites. In Figure 3 (e), the average capacity for the first 5 cycles for RGOF-3 obtained with a current density of 20 mA g -1 is 246 mAh g -1 . Increasing the current density to 40 mA g -1 , 100 mA g -1 , and 1000 mA g -1 leads to a decrease in the five-cycle average capacity, i.e. from 246 mAh g -1 to 42 mAh g -1 . The half cells still retained ~17 % of initial capacity, even when the current density was as high as 1000 mA g -1 . The chargedischarge curves of RGOF based electrodes demonstrate that the potential polarization increases with the increase in current density ( Figure S11 ). . This electrode exhibits the highest capacity and rate capability among all the RGOF electrodes.
The excellent electrochemical performance of the RGOF electrodes can be attributed to the following three factors: (1) RGO nanosheets afford not only a superior electrically conductive matrix for the composite, but also an elastic buffer to mitigate cracking of the Fe 3 O 4 nanoparticles associated with expansion and contraction during the uptake and release of Na + ions. (2) RGO nanosheets and ultra-small Fe 3 O 4 nanoparticles effectively shorten the diffusion length of Na + ions. (3) The unique structure of the RGOF composites has benefits for performance because monodisperse Fe 3 O 4 nanoparticles grew evenly in-situ on the surfaces of the RGO nanosheets, so that they avoided aggregates, which could be destroyed during charge and discharge.
Conclusions
In summary, we have synthesized unique RGOF nanocomposites consisting of ultra-small Fe 3 O 4 and RGO nanosheets in the presence of PMAA-PTMP through a novel single-step high-temperature coprecipitation approach. The resultant RGOF nanocomposites have been investigated as anode material for SIBs. The electrodes show superior cycling performance with a reversible Na-storage capacity of 204 mAh g -1 and outstanding cycling stability (i.e. 98%
capacity was retained after 200 cycles). The excellent electrochemical performance can be attributed to the synergetic effect of monodisperse ultra-small Fe 3 O 4 nanoparticles and highly conductive RGO nanosheets. These advantages, together, with their low cost and environmental friendliness, make these nanocomposites a promising anode candidate for sodium-ion batteries.
